The STs occur in multiple molecular forms which differ in size, amino acid composition, methanol solubility and host susceptibility (Whipp et al., 1981 ; Saeed et al., 1983). The methanol-soluble class of ST (referred to as STI or STA) is composed of a variable N-terminal segment (up to 54 amino acids) and a homologous C-terminal sequence of 18 amino acids essential for its biological activity (So & McCarthy, 1980 ; Chan & Giannella, 1981; Saeed et al., 1983) . The unique structure of this C-terminal domain, containing six half-cystine residues partially linked by disulphide bridges, accounts for the heat-and pH-stability of the toxin and its sensitivity to reducing agents (Staples et al., 1980) . Binding of STA to specific receptors on the apical membrane of intestinal epithelial cells starts a cascade of reactions culminating in activity changes of N a + and CI-transport systems in the brush-border membrane. Each step will be discussed briefly on the basis of literature data and recent results from our laboratory.
Binding of ST to intestinal brush-borders and activation of guanylate cyclase
A central role of intestinal cyclic G M P as a mediator of ST-provoked 1982) . Exposure of intestinal microvilli to the toxin leads to a rapid activation of G C localized predominantly in the brush-border membrane of mature enterocytes (de Jonge, 1975) . The specificity of this process is demonstrated by the inability of the toxin to affect a variety of digestive and transport functions in brush-border membrane vesicles under conditions in which intravesicular cyclic G M P formation was vigorously stimulated (van Dommelen & de Jonge, 1983) . Comparative studies of the secretory action of ST and 8-bromo-cyclic G M P have also provided strong Abbreviations used : CAMPdPKase, cyclic AMP-dependent protein kinase; CGMPdPKase, cyclic GMP-dependent protein kinase; GC, guanylate cyclase.; ST, heat-stable enterotoxin. evidence in favour of the concept that cyclic G M P is the sole mediator of ST-induced secretion (Hughes et al., 1978 ; Guandalini et al., 1982) . The coupling mechanism between ST and G C is not thoroughly explored so far. Any model proposed has to account for the following observations: ( I ) a relatively low sensitivity of intestinal G C to nitroso compounds, including nitroprusside and hydroxylamine, even in the presence of filipin (H. R. The indomethacin response seems difficult to reconcile with a role of endoperoxides or prostaglandins as intermediates in the coupling mechanism (Thomas & Knoop, 1982) but does not rule out a role of the lipoxygenase pathway which is blocked only at high doses of this drug.
In Fig. 1 a comparison is made between two hypothetical models. In the cascade model (Fig. 1 model A) , ST binds to a tissue-specific proteineous receptor on the brush-border surface (Giannella et al., 1980 ; Thomas & Knoop, 1983) and triggers the activation of phospholipase A Z , presumably by a mechanism analogous to hormone-induced phosphatidylinositol turnover (cf. Takai et al., 1981 work), are difficult to fit into this cascade model. In the alternative scheme ( Fig. 1 model B) , GC is visualized as a transmembrane protein, in accordance with its sensitivity to thermotropic lipid transitions (Brasitus & Schachter, 1980) and in analogy with the glycoprotein structure of particulate GC purified from sea urchin sperm flagellae (Garbers & Radany, I98 I). The toxin-receptor complex ( Fig. 1 model B part 2) or the toxin itself ( Fig. 1 model B part I ) might interact with 'receptor' regions of GC, possibly through mixed disulphide formation. Such a model may explain the inhibitory effects of cysteine (Giannella et al., 1980) and cystamine (Greenberg et al., 1983) on the G C response to ST. Perturbation or clustering of the receptors could then induce a conformational change in the enzyme activating its catalytic centre. An interesting comparison can be made with recent models of insulin receptors or epidermal growth factor receptors covalently linked to a hormone-sensitive tyrosine kinase activity (Buhrov et a Shia & Pilch, 1983) . Modulation of ST action by detergents, Ca2 + or drugs interfering with phospholipid metabolism may be explained by a perturbation of the lipid annulus surrounding the cyclase ('liponomic control'). A similar mechanism has been proposed earlier for the vitamin D-sensitive Ca2 +-channel in the brush-border membrane (Rasmussen et al., 1982) .
C j d i c GMP-dependent phosphorylation .J' two brush-border proteins
Photoaffinity labelling studies using 32P-labelled 8-azidoinosine 3',5'-monophosphate as a probe for cyclic G M P binding sites have identified a 86000-M, protein as the sole high-affinity receptor for cyclic G M P in intestinal brush-borders and membrane vesicles (de Jonge, 1981 ; de Jonge & van Dommelen, 1981) . Upon extraction and purification on cyclic AMP-Sepharose columns, the receptor protein was further characterized as a cGMPdPKase displaying some unique properties: (1) it has a monomeric structure tightly associated with the interior of the microvillous membrane (see Fig. 3 ); (2) the enzyme is linked to the cytoskeleton through a 15OOO-M, segment which is easily clipped off by a membranal proteinase; (3) activation of cGMPdPKase in intact brush-borders promotes the phosphorylation of a serine residue in the vicinity of the proteolytic cleavage site (Figs. 2 and 3 ). This selfphosphorylation process is the major cyclic GMP-dependent phosphorylation reaction detectable in isolated brushborders (de Jonge, 1976) . The physiological implication of autophosphorylation, a property shared with insulin receptor and epidermal growth factor receptor kinases (Kasuga et al., 1982; Linsley & Fox, 1980 ) is presently unclear; it could either affect the affinity of the cyclic nucleotide binding site towards cyclic AMP (cf. Foster et al., 1981) or play a more specific role in the secretory mechanism. Recently, a 25000-M, protein was identified as a second endogenous substrate for cGMPdPKase in the intestinal brush-border membrane [de Jonge, 1983; (Fig. 2) ]. This protein displayed the following characteristics : (1) 3zP-incorporation was 5-8-fold lower compared to cGMPdPKase autophosphorylation; (2) 32P-labelling kinetics and proteinase inhibitor experiments argued against its possible origin as a proteolytic fragment of endogenous cGMPdPKase or cAMPdPKase; (3) cyclic GMP-dependent phosphorylation was blocked by antibodies against bovine lung cGMPdPKase; (4) the 25000M, protein served as a cosubstrate for brushborder-bound cAMPdPKase (Fig. 2) ; phosphorylation was initiated at cyclic AMP levels (0.5 PM) unable to activate cGMPdPKase and could be blocked completely by the Isolated intestinal brush-borders from the rat were labelled with 2 0 p~-[ y -~~P l A T P for 30s at 30°C in the presence or absence of cyclic nucleotides, and phosphoproteins were separated electrophoretically on 7.5% (a) or 15% (b) polyacrylamide slab gels. Molecular masses are expressed in kilodaltons. Phosphorylation of the 86 kilodalton protein (a) represents autophosphorylation of cGMPdPKase (de Jonge, 1981) . For further details see de Jonge (1976).
cAMPdPKase-specific Walsh-inhibitor ; (5) 32P-incorporation by cGMPdPKase and cAMPdPKase was additive, suggesting the involvement of two separate phosphorylation sites (Figs. 2 and 3) . In view of these rather unique properties, the 25000-Mr protein could play an essential role in cyclic GMP-and cyclic AMP-mediated ion secretion (Fig. 3) .
Regulation of ion transport by protein phosphorylation
The molecular mechanism by which cyclic nucleotidedependent protein phosphorylation leads to a modification of ion transport activities in the brush-border membrane is largely unknown. The inhibition of ST-and 8-Br-cyclic GMP-induced secretion by CaZ + antagonists, i.e. lanthanum (Greenberg et al., 1982) , chlorpromazine (Abbey & Knoop, 1979; Greenberg et al., 1980) and trifluoperazine ), supports a model in which cyclic GMP, in concert with cyclic AMP, modulates a CaZ+-regulated ion carrier by changing the autophosphorylation state of the cGMPdPKase and its 25000-M, membranal substrate protein. Such a regulatory protein is most probably narrowly associated with the carrier (Fig. 3) . Transduction of Ca2+ signals could be mediated by calmodulin (Ilundain & Naftalin, 1979) and/or a phospholipid-dependent protein kinase (Takai et al., 1979) recently identified in intestinal epithelium (de Jonge, 1983) . Phosphorylation of the 25000-M, protein might either trigger a local CaZ + redistribution, increase the CaZ +-sensitivity of the carrier or affect its activity through a more direct mechanism. Which ion transport system in the microvilli serves as the target for cyclic GMP and CaZ + signals is not entirely settled. Inhibition of a neutral Na+/Cl-cotransport system (Frizzell et al., (Frizzell et al., 1979) could all contribute to net ion secretion (Fig. 3) . Since cyclic GMP seems less effective than cyclic AMP in inducing electrogenic C1-secretion, but equally effective as an inhibitor of Na+/Cl-cotransport (Guandalini et al., 1982) , the assumption seems plausible that the Na + /Cl -cotransport system is a major target of the 25000-M, protein, whereas the CIchannel could be regulated through the additional cyclic AMP-dependent phosphorylation of other epithelial proteins (van Dommelen & de Jonge, 1983) . Present attempts in our laboratory to reconstitute a cyclic GMP-triggered secretory mechanism at the level of isolated brush-border membrane vesicles (van Dommelen & de Jonge, 1983) could possibly lead to a better characterization of the carrier system(s) involved and might extend our knowledge about the role of Ca2+ in cyclic GMP-mediated ion secretion. alternative routes leading to cyclic nucleotide modulation of Cat +-sensitive ion carriers. Takai 
Cholera toxin
CT, an enterotoxin produced by Vibrio cholerae, is responsible for the clinical manifestation of cholera which is characterized by severe fluid loss from the small intestine. The toxin acts by irreversibly stimulating adenylate cyclase in the basolateral membrane of the intestinal cell to raise cyclic AMP levels (Kimberg et al., 1971 ; Sharp & Hynie, 1971) .
CT is a 84000-M, protein composed of two types of polypeptide subunits, A and B (Finkelstein, 1973 ; Lonnroth & Holmgren, 1973; van Heyningen, 1974) . The A subunit consists of two non-identical polypeptide chains, Al and A,, linked by a single disulphide bridge. A is responsible for the activation of adenylate cyclase and can do this in cellfree systems independent of the B subunit (Gill & King, 1975; Wodnar-Filipowicz & Lai, 1976; Moss et al., 19796) . The B subunit is believed to contain five identical polypeptide chains (Gill, 1976; Lai et al., 1977) and binds the toxin to its cell membrane receptor, the monosialoganglioside GM, (Holmgren et al., 1973; van Heyningen, 1974; Critchley et al., 1981) .
Originally, only the A subunit was believed to penetrate the cell membrane in order to activate adenylate cyclase (Bennett & Cuatrecasas, 1977) but more recent work has indicated that the B subunit may also enter the cell (Tsuru et al., 1982) . In fact, it has been proposed that the B subunits form a channel through which the A subunit passes in an unfolded form, perhaps with A2 leading the way (Antoine et al., 1974) . There is in any case a delay between toxin binding and fluid loss (Carpenter et al., 1968) .
Adenylate cyclase is activated by the transfer of ADPribose from NAD+ to the GTP-binding protein which acts as a regulator (Gill, 1977) , possibly at an arginine residue. Nucleoside triphosphate, NAD + , an unidentified cytosolic protein of molecular mass, 15000-20000 daltons and a thiol compound that can reduce the disulphide link in the A subunit are all required for toxin activation of the regulatory protein in pigeon erythrocyte ghosts (Enomoto & Gill, 1979) . CT transfers ADP-ribose to the regulatory protein only if it is binding GTP or an analogue (Sternweis et al., 1981 ; Ward & van Heyningen, 1982) . This suggests that the conformation of the protein is important in determining Abbreviations used : CT, cholera toxin; LT, E. coli; heat-labile toxin.
whether ADP-ribosylation occurs. The regulatory protein is thereby prevented from exercising its GTPase activity resulting in permanent activation of the enzyme; thus cyclic AMP levels are raised, absorption of Na+ and CI-is reduced and secretion of HCO, increased (Field, 1979) .
A number of other GTP-binding proteins will also accept ADP-ribose from CT including tubulin (Hawkins & Browning, 1982) and retinal GTPase (Cooper et al., 1981) . CT itself will incorporate ADP-ribose in the absence of any acceptor protein (presumably the prerequisite for a group transfer), and indeed will hydrolyse NAD+ with water as the acceptor, i.e. it has NAD+ glycohydrolase activity (Moss et al., 19796) .
Thyrotrophic hormone, luteinizing hormone and folliclestimulating hormone, which all have sequence homologies with the CT A subunit (Ledley et al., 1976; Mullin et al., 1976) will also accept ADP-ribose (Trepel et al., 1981) . Adrenocorticotrophic hormone (ACTH) 1-24, which does not share a sequence homology with CT is an excellent acceptor of ADP-ribose. The ADP-ribosylation of proteins may thus require only an accessible arginine as acceptor as indicated by Watkins et al. (1981) in studies with cultured human skin fibroblasts. ADP-ribosylation of membrane proteins accompanies adenylate cyclase activation in other cell types such as brain synaptosomes (Berthillier et al., 1982) , fat-cell ghosts (Malbon & Gill, 1979) and pigeon erythrocytes (Enomoto & Gill, 1980 ).
E. coli enterotoxin
Various strains of E. coli that are responsible for severe diarrhoea in man (Black et al., 1980) and in animals (Porter & Linggood, 1983 ) elaborate a plasmid-encoded toxin, recently purified and partially characterized (Clements & Finkelstein, 1979; Clements et al., 1980; Gill et a/., 1981) . The various heat-labile toxins may vary in size, immunological reactivity and amino acid composition but, in general, they show a broad similarity to each other and to CT, notably in subunit composition, ganglioside receptor (Donta & Viner, 1975; Field, 1979; Moss et al., 1981) , ability to activate intestinal adenylate cyclase (Gill et al., 1976) and raise intracellular cyclic AMP levels (Kantor et al., 1974) . The earlier work was carried out with cell-free supernatants from E. coli, and not with purified toxin, but this is no reason to doubt the relevance of the data. Like CT, LT will catalyse ADP-ribosylation of a rat liver membrane protein (Tait et al., 1980) of M , 11 000-rather less, however, than that reported for CT (42000, Doberska et al., 1980; 55000, Beckner & Blecher, 1981) .
Recent indications are that LT can bind to glycoprotein receptors in the rabbit small intestine, which do not recognize CT, and activate fluid secretion. CT, however,
